Atty. Dkt No. 039386-1568 
Appln. No. 10/820,474 



REMARKS 

Applicants respectfully request reconsideration of the present application in view of the 
following commentary. 

I. Objections to the Specification 

The title of the invention is rejected for alleged lack of description. In keeping with the 
Examiner's suggestion, the title of the invention has been amended to "Polynucleotides encoding 
signal peptide-containing molecules." 

The Examiner alleges that no Tables are found in the specification. Applicants 
respectfully traverse the objection. A copy of the Return Receipt Postcard is submitted herewith 
as evidence that 77 pages of the Tables (Tables 1-6) were filed and received by the U.S. PTO on 
April 7, 2004. Nevertheless, in an effort to expedite the prosecution, a courtesy copy of the 
Tables is provided accompanying this response. 

The Examiner objected to the specification for missing information in the cross-reference. 
The first paragraph of the specification has been amended accordingly to incorporate the parent 
application information. 

Accordingly, Applicants respectfully request withdrawal of all objections to the 
specification. 

II. Claim Rejection under 35 U.S.C. §101 

Claims 56-64 are rejected for alleged lack of utility. Applicants respectfully traverse the 
rejection. 

More specifically, the Examiner acknowledges that the specification discloses that the 
claimed protein is a signal peptide-containing protein, but asserts that the application "does not 
disclose a specific and substantial biological role of this protein or its significance." 
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& On the contrary, a BLAST search against NCBI's protein database reveals that the 
claimed SEQ ID NO: 43 shares 99% identity with human resistin-like molecule (RELM)-beta 
protein, which is also referred to as "found in inflammatory zone" (FIZZ) and belongs to a 
cysteine-rich secretory protein family. Hogan et al (J, Allergy Clin. Immunol, 2006, 118: 257- 
268, EXHIBIT A) reported that RELM-beta protein is a cysteine-rich cytokine that is 
constitutively expressed in the colon and has a central role in the regulation of colonic 
inflammation. In addition, Renigunta et al. describe that human RELM-beta protein is a 
mitogenic factor in lung cells and that is may contribute to hypoxic-induced pulmonary vascular 
remodeling processes or hypoxia related fibrotic lung disease (FEES Lett, 2006, 580: 900-903, 
EXHIBIT B). 

These later confirmed functions are consistent with the description in the original 
specification. For example, the paragraph bridging pages 1 and 2 describes that the claimed 
signal peptide-containing molecules are secretory proteins comprising "receptors, extracellular 
matrix molecules, cytokines, hormones, growth and differential factors, neuropeptides, 
vasomediators, phosphokinases, phosphotases, phospholipases, phosphodiesterases, G and Ras- 
related proteins, ion channels, transporters/pumps, proteases, and transcription factors." The 
paragraph bridging pages 5 and 6 further provides exemplary functions of the cytokines. 

Thus, at least one specific utility for the claimed subject matter is asserted. Accordingly, 
Applicants respectfully request withdrawal of the rejection under 35 U.S.C. §101 for lack of 
utility. 

III. Claim Rejection under 35 U.S.C. §112, first paragraph 

Claims 56-64 are rejected for alleged lack of enablement. In particular, the Examiner 
contends that the specification is not enabling because it does not provide a credible utility of the 
claimed subject matter and that the specification does not provide enablement for sequences that 
are 95% identical to claimed SEQ ID NO: 43 or 177. Applicants respectfully traverse the 
rejection. 

-4- 

WASH 1837342.1 



• A Atty. Dkt. No. 039386-1568 

Appln. No. 10/820,474 

As discussed in the foregoing paragraphs, the claimed SEQ ID NO: 43 or 177 possesses 
at least one credible and specific utility. Therefore, one skilled in the art would have known how 
to use the claimed invention. 

Applicants thank the Examiner for his acknowledgement that the specification is enabling 
for SEQ ID NO: 43 and 177. Applicants further submit that the specification is also enabling for 
polynucleotides encoding proteins which are at least 95% identical to SEQ ID NO: 43 or 177. 
The specification provides in detail that the sequence of a polynucleotide or a polypeptide can be 
altered by deletion, insertion, or substitution, such that the altered polynucleotide encodes "a 
polypeptide with at least one functional characteristic of [the original polypeptide]" or the altered 
polypeptide has "a silent change and result in a functionally equivalent [polypeptide]." See, for 
example, at page 17, first full paragraph, and at page 28, first and second full paragraphs. 

As disclosed by Patel et al (Science, 2004, 304: 1 154-1 158, EXHIBIT C), a resistin 
family protein is cysteine-rich and therefore can form a disulfide-dependent multimeric assembly. 
The specification discloses that claimed SEQ ID NO: 43 comprises 12 cysteine residues in its 
length of 1 1 1 amino acids, which translates into a cysteine content of 11%. The skilled artisan 
would have appreciated that cysteine is crucial in protein structures because a disulfide bond can 
form between two cysteine residues, thereby assembling a 3-D structure of the protein. Thus, the 
skilled artisan would understand that hbmologs that are at least 95% identical to SEQ ID NO: 43 
or 177 do not comprise alterations at certain positions, such as the cysteine residues, which 
would have caused a structure change. Accordingly, the specification satisfies the enablement 
requirement. 

Claims 56-64 are also rejected for alleged lack of written description due to recitation of 
"at least 95% identical to SEQ ID NO: 43 or 177." Applicants respectfully traverse the rejection 
on the same ground discussed above. Because the skilled artisan would have understood that the 
homologs do not comprise the sequence alterations that would have caused a structure or 
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Sanction change, the specification provides sufficient written description of the claimed subject 
matter. Thus, the rejections under 35 U.S.C. §112, first paragraph should be withdrawn. 

IV. Claim Rejection under 35 U.S.C. 102(e) 

Claims 56, 59-60 and 63 are rejected under 35 U.S.C. 102(e) for allegedly being 
anticipated by U.S. Patent Publication No. 2004/001 8980 by Gurney et al Applicants 
respectfully traverse the rejection. 

Gurney is a continuation application of U.S. Patent Application No. 09/380,913, which is 
a national stage application of international application No. PCT/US99/08615, filed on April 20, 
1999. Therefore, the 102(e) date of the cited patent publication is its corresponding PCT filing 
date of April 20, 1999. The present application benefits from the earliest priority date of June 26, 
1998, which antedates the 102(e) date of the cited reference. Thus, the Gurney publication is not 
qualified art against the present application under 35 U.S.C. 102(e). Accordingly, Applicants 
respectfully request withdrawal of the rejection. 

CONCLUSION 

Applicants believe that the present application is now in condition for allowance. 
Favorable reconsideration of the application as amended is respectfully requested. 

The Examiner is invited to contact the undersigned by telephone if it is felt that a 
telephone interview would advance the prosecution of the present application. 

The Commissioner is hereby authorized to charge any additional fees which may be 
required regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any overpayment, to 
Deposit Account No. 19-0741 . Should no proper payment be enclosed herewith, as by a check or 
credit card payment form being in the wrong amount, unsigned, post-dated, otherwise improper 
or informal or even entirely missing, the Commissioner is authorized to charge the unpaid 
amount to Deposit Account No. 19-0741 . If any extensions of time are needed for timely 
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acceptance of papers submitted herewith, Applicants hereby petition for such extension under 37 
C.F.R. §1.136 and authorizes payment of any such extensions fees to Deposit Account No. 19- 
0741. 

Respectfully submitted, 



FOLEY & LARDNER LLP 
Customer Number: 22428 
Telephone: (202) 672-5538 
Facsimile: (202) 672-5399 



By. 




SI. 



Michele M. Simkin 
Attorney for Applicant 
Registration No. 34,717 
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|jg Resistin-like molecule p regulates innate colonic function: Barrier 



integrity and inflammation susceptibility 



Abstract 



Simon P. Hogan, PhD a *, Luqman Seidu, MD a »*, Carine Blanchard, PhD a , Katherine 
Groschwitz, BS b , Anil Mishra, PhD a , Margaret L. Karow, PhD c , Richard Ahrens, BS a , David 
Artis, PhD d , Andrew J. Murphy, PhD c , David M. Valenzuela, PhD c , George D. Yancopoulos, 
MD, PhD c , and Marc E. Rothenberg, MD, PhD a 

a The Division of Allergy and Immunology, Department of Pediatrics, Cincinnati Children's Hospital 
Medical Center, University of Cincinnati College of Medicine; 

b The Department of Immunobiology, University of Cincinnati College of Medicine; 

c Regeneron Pharmaceuticals, Inc, Tarrytown, NY; 

d The Department of Pathobiology, University of Pennsylvania School of Veterinary Medicine, 
^ j Philadelphia. 

c \ 

3 1 ^ Background: Resistin-like molecule (RELM) p is a cysteine-rich cytokine expressed in the 

R i gastrointestinal tract and implicated in insulin resistance and gastrointestinal nematode immunity; 

^ I however, its function primarily remains an enigma. 

Mm 

£ Objective: We sought to elucidate the function of RELM-p in the gastrointestinal tract. 

pm 

§ Methods: We generated RELM-p gene-targeted mice and examined colonic epithelial barrier 

|g| function, gene expression profiles, and susceptibility to acute colonic inflammation. 

Results: We show that RELM-P is constitutively expressed in the colon by goblet cells and 
enterocytes and has a role in homeostasis, as assessed by alterations in colon mRNA transcripts and 
epithelial barrier function in the absence of RELM-p. Using acute colonic inflammatory models, we 
demonstrate that RELM-p has a central role in the regulation of susceptibility to colonic 
inflammation. Mechanistic studies identify that RELM-P regulates expression of type III 
regenerating gene (REG) (REG3P and y), molecules known to influence nuclear factor kB signaling. 

.31 ; Conclusions: These data define a critical role for RELM-p in the maintenance of colonic barrier 

||||| function and gastrointestinal innate immunity. 

^3 Clinical implications: These findings identify RELM-p as an important molecule in homeostatic 

c gastrointestinal function and colonic inflammation, and as such, these results have implications for 

a variety of human inflammatory gastrointestinal conditions, including allergic gastroenteropathies. 
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As we enter the new millennium, the health of the western world is threatened by an increasing 
prevalence of immune-mediated diseases. For example, asthma (now affecting 300 million 
persons), inflammatory bowel disease (IBD; now affecting >1 million persons), and obesity 
(now affecting nearly 300 million persons) are some of the fastest growing and most pervasive 
public health problems in developed countries and are recognized to involve inflammatory 
mechanisms J"^ Of even greater concern is the co-occurrence of multiple inflammatory 
disorders in the same individual (eg, obesity and asthma), leading to increased morbidity 
Although the co-occurrence of multiple inflammatory disorders suggests common underlying 
disease mechanisms, there is a surprising paucity of data concerning the specific mechanisms 
that might be operational. 

Resistin, also called adipocyte-secreted factor or found in inflammatory zone 3 (FIZZ3), is a 
novel hormone secreted by adipocytes and has been proposed to link obesity with insulin 
resistance and type II diabetes. The resistin family of proteins (resistin, resistin-like 
molecule [RELM] a, RELM-p, and RELM-p) consists of several approximately 12.5-kd 
conserved subunits with 1 0 or 1 1 cysteine residues that promote the formation of unique 
disulfide-dependent multimeric assembly units. Recent investigations with experimental 
models have demonstrated that resistin mediates insulin resistance by antagonizing insulin 
action and modulating one or more steps in the insulin-signaling pathway J 0 ' 1 1 RELM-a, 
designated FIZZ1, was originally found in inflammatory zones in a murine model of 
experimental asthma, yet its role in allergic inflammation has not been elucidated.^ Subsequent 
investigations have shown that RELM-a is also expressed in adipose tissue, heart, lung, and 
tongue, whereas RELM-p (FIZZ2) is expressed in the intestine.** Recently, RELM-y has been 
identified, and its highest levels of expression have been found in hematopoietic tissues.^ 
Preliminary studies have demonstrated that RELMs are secreted proteins that inhibit adipocyte 
differentiation and neuronal cell survival,** suggesting that the primary function of these 
molecules might not be restricted to regulating insulin resistance. Indeed, recent investigations 
suggest that at least one member of the resistin family, RELM-p, might have an 
immunoregulatory function.^ Using a murine model of T H 2-associated nematode infection, 
investigators demonstrated that RELM-p is produced by goblet cells in the intestine and 
possesses antiparasitic activity through an IL-13 -dependent mechanism.^ Despite the 
growing association of RELM family members with inflammatory conditions, there is a paucity 
of information concerning the function of this family of cytokines. To determine the definitive 
role of resistin family members, we generated RELM-P gene-targeted mice. We now report 
the consequences of RELM-p deficiency on colonic epithelial barrier function and 
susceptibility to colonic inflammation. 

METHODS 

Generation of RELM-p gene-targeted mice 

RELM-P" /_ mice were designed and developed by VelociGene technology. 14 In brief, the 
RELM-p gene was replaced by a reporter-selection cassette, which consists of a p-galactosidase 
enzyme gene and a neomycin resistance gene. The knockout-reporter construct was created by 
means of bacterial homologous recombination into a bacterial artificial chromosome encoding 
RELM-p and was constructed so that the cassette's p-galactosidase gene is placed in frame 
with the AUG of RELM-P (Fig 1 >A). The construct deletes amino acids 2 through 82 of RELM- 
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(3 contained in exons 1 through 3 of the gene. The knockout-reporter construct was linearized 
and electroporated into 129Sl/Sv-derived embryonic stem (ES) cells, CJ7 clone, and correctly 
targeted clones were identified by using Taqman screening with 2 probes in the RELM-p gene 
as loss-of-allele probes.^ Three correctly targeted clones were identified from 192 colonies. 
Chimeric mice were generated by microinjecting C57BL/6 embryos with the ES clones. Mice 
from clone 140B-H3 were backcrossed twice to C57BL/6 mice, and F2 mice were crossed to 
create homozygous RELM-p gene-targeted mice. Mice were identified as heterozygotes and 
homozygotes by means of the Taqman assay, with probes for the Neo and LacZ genes and the 
RELM-P loss-of-allele probes. Mice were genotyped by means of PCR (RELM-P forward 
primer, cctgagctttctggagagtg; RELM-p reverse primer, cctcctcatcaagaaactttag; and lacZ 
primer, gtctgtcctagcttcctcactg), producing a wild-type (WT) band of 545 bp and a targeted band 
of 351 bp. Experiments on RELM-p" /_ mice were performed on 6- to 8-week-old mice and 
background-matched WT control animals derived from littermates. All procedures were 
performed in accordance with the ethical guidelines in the "Guide for care and use of laboratory 
animals" of the Institutional Animal Care and Use Committee approved by the Veterinary 
Services Department of the Cincinnati Children's Hospital Medical Center. 

Ussing chambers 

Four 1 -cm segments of mucosa were stripped of muscle and mounted in U2500 Dual Channel 
Ussing chambers (Warner Instruments, Hamden, Conn) that exposed 0.30 cm 2 of tissue to 10 
mL of Krebs buffer. Agar-salt bridges and electrodes were used to measure the potential 
difference. Every 50 seconds the tissues were short circuited at 1 V (EC 800 Epithelial Cell 
voltage Clamp; Warner Instruments), and the short-circuit current was monitored continuously. 
In addition, every 50 seconds the clamp voltage was adjusted to 1 V for 10 seconds to allow 
calculation of tissue resistance using Ohm's law. After the preparation had stabilized for 10 
minutes and baseline potential difference and resistance had been established, fluorescein 
isothiocyanate (FITC)-dextran (2.2 mg/mL; molecular mass, 4.4 kd; Sigma-Aldrich, St Louis, 
Mo) was added to the mucosal reservoir. Medium (0.25 mL of 10 mL) was removed from the 
serosal reservoir and replaced with fresh medium every 20 minutes over a period of 1 80 minutes 
for measurement of FITC-dextran. 

Solutions and drugs 

Krebs buffer contained 4.70 mM KC1, 2.52 mM CaCl 2 , 1 18.5 mM NaCl, 1.18 mM 
NaH2P04, 1 .64 mM MgSC>4, and 24.88 mM NaHCC>3 on each side. The tissues were allowed 
to equilibrate for 15 minutes in Krebs buffer containing 5.5 mM glucose. All reagents were 
obtained from Sigma-Aldrich unless stated otherwise. 

Microarray analysis 

To evaluate the effect of the loss of RELM-P on the colonic mucosa, we used Affymetrix 
GeneChip (Santa Clara, Calif) micro-arrays (MOE430_2, a whole-genome expression chip 
encoding 45,101 genes) to obtain gene expression profiles from 5 independent WT and 6 
independent gene-targeted animals. GeneChip CEL data were subjected to normalization and 
quantification by using the Robust MultiArray Analysis algorithm developed by Irizarry et 
al, 15 as implemented in GeneSpring 7.0 (Sun Microsystems, Santa Clara, Calif). Gene 
expression levels for each gene were normalized relative to the median value across the 6 
microarrays. 

Induction of acute colonic inflammation 

Dextran sodium sulfate-induced acute colonic inflammation — Dextran sodium 
sulfate (DSS; ICN Biomedical Inc, Costa Mesa, Calif) used for the induction of acute colonic 
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inflammation was supplied as the sodium salt with an average molecular weight of 41 kd. It 
was used as a supplement in the drinking water of the mice for 8 days as 2.5% (wt/voi) solution. 

Trinitrobenzene sulfonate-induced acute colonic inflammation — Mice were lightly 
anesthetized with isoflurane and then administered trinitrobenzene sulfonate (TNBS) (3.75 
mg/150 uL dissolved in ethanol [50%]/saline [50%]) or vehicle (ethanol [50%]/saline [50%]) 
intrarectally through a catheter equipped with a 1 -mL syringe. The catheter was advanced into 
the rectum until the tip was 4 cm proximal to the anal verge, at which time the haptenating 
agent was administered in a total volume of 150 uL. Mice were held in a vertical position for 
30 seconds after the intrarectal injection to ensure distribution of the haptenating agent within 
the entire colon and cecum. 

Disease activity index 

The disease activity index (DAI) was derived by scoring 3 major clinical signs (weight loss, 
diarrhea, and rectal bleeding). 1 " The clinical features were scored separately and then 
correlated with a histologic score. DAI - (Body weight loss)+ (Diarrhea score) + (Rectal 
bleeding score). 

Body weight. — A change in body weight was calculated as the difference between the 
expected and actual weight. The formula for predicted body weight was derived by means of 
simple regression by using the body weight data for the control group. The following formula 
was used: Y = a + kx, where Y is body weight change (loss or gain), k is daily increase in body 
weight, x is day, and a is starting body weight. 

Diarrhea. — The appearance of diarrhea was defined as mucus-fecal material adherent to anal 
fur. The presence or absence of diarrhea was scored as either 1 or 0, respectively. The presence 
or absence of diarrhea was confirmed by means of examination of the colon after completion 
of the experiment. Mice were killed, and the colon was excised from the animal. Diarrhea was 
defined by the absence of fecal pellet formation in the colon and the presence of continuous 
fluid fecal material in the colon. 

Rectal bleeding. — The appearance of rectal bleeding was defined as diarrhea containing 
visible blood, mucus, or both or gross rectal bleeding and scored as described for diarrhea. 

Assessment of intestinal inflammation 

Assessment of body weight and evaluation of stool consistency (diarrhea) and rectal bleeding 
were performed on a daily basis. Body weight was expressed as percentage body weight change 
from baseline. Diarrhea and rectal bleeding were defined as described above. The presence- 
absence of diarrhea and rectal bleeding was given a score of 0 or 1 and the diarrhea-rectal 
bleeding score (0-2) is the accumulation of these values. 

Intestinal histopathologic examination 

Animals were killed on day 7, and the colon was excised. The length of the colon was measured 
with digmatic calipers (Mitutoyo, Kawasaji, Japan). Tissue specimens were then fixed in 4% 
paraformaldehyde and stained with hematoxylin and eosin and Masson trichrome by using 
standard histologic techniques. The percentage colon length with mucosal ulceration was 
determined by performing morphometric analysis of the colon with the ImageProPlus 4.5 
software package (Media Cybernetics, Inc, Silver Spring, Md). In brief, digital images of 
longitudinal sections (1-2 cm in length) of hematoxylin and eosin-stained colons were 
produced. 
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Assessment of inflammation in TNBS colitis 

The colons were divided longitudinally into 2 parts, one of which was used for histologic 
assessment. The longitudinally divided colons were fixed in 4% formalin and embedded in 
paraffin for routine histology. One investigator, who was blinded for treatment allocation of 
the mice, scored the following parameters, as previously reported^! 8; (1) percentage of area 
involved, (2) edema, (3) erosionulceration, (4) crypt loss, and (5) infiltration of mononuclear 
and polymorphonuclear cells (neutrophils and eosinophils) into the lamina propria and 
submucosa. The percentage of area involved and the crypt loss were scored on a scale ranging 
from 0 to 4 as follows: 0, normal; 1 , less than 1 0%; 2, 1 0%; 3, 1 0% to 50%; and 4, greater than 
50%. Erosions were defined as 0 if the epithelium was intact, 1 for involvement of the lamina 
propria, 2 for ulcerations involving the submucosa, and 3 when ulcerations were transmural. 
The severity of the other parameters was scored on a scale of 0 to 3 as follows: 0, absent; 1, 
weak; 2, moderate; 3, severe. 

Murine colonoscopy 

Mice were anesthetized with triple sedative (ketamine, 35 mg/kg; xylazine, 5 mg/kg; and 
acepromazine, 1 mg/kg), and colonoscopies were performed with a small-animal rigid 
telescope (30°, 1.9 mm x 10 cm) connected to a Cold light Fountain Xenon nova (Model 20 
131520) and an Endovision TR1CAM SL (Model 20) PAL/NTSC camera (Karl Storz 
Veterinary Endoscopy, Goleta, Calif). 

Detection of RELM-p 1 cells by means of immunohistochemistry 

The colon segment of the gastrointestinal tract was immunostained with antiserum against 
mouse RELM-p, as previously described. ^ Briefly, 5-um sections were quenched with 
H 2 C>2, blocked with normal goat serum, and stained with a rabbit anti-murine RELM-p 
antiserum. The slides were then washed and incubated with biotinylated goat anti-rabbit 
antibody and avidin-peroxidase complex (Vectastain ABC Peroxidase Elite kit; Vector 
Laboratories, Burlingame, Calif). The slides were developed by using nickel diaminobenzidine 
enhanced cobalt chloride to form a black precipitate and counterstained with nuclear fast red. 

Northern blot analysis 

RNA was extracted from the lung tissue with Trizol reagent (Gibco-BRL, Grand-Island, NY), 
according to the manufacturer's protocol. Twenty micrograms of total RNA was used for 
Northern blot analysis, as previously described. 1 9 

Real-time PCR analysis 

The RNA samples (500 ng) were subjected to reverse transcription analysis with Superscript 
II reverse transcriptase (Invitrogen, Carlsbad, Calif), according to the manufacturer's 
instructions. Regenerating gene (REG)3p and REG3y were quantified by means of real-time 
PCR with the LightCycler instrument and LightCycler FastStart DNA Master SYBR Green I 
as a ready-to-use reaction mix (Roche Diagnostics Corp, Indianapolis, Ind). Results were then 
normalized to GAPDH amplified from the same cDNA mix and expressed as fold induction 
compared with the control values. cDNAs were amplified by using the following primers: 
murine REG3fi (151 bp), tcccaggcttatggctccta and gcaggccagttctgcatca; murine REG3y (251 
bp), catcaactgggagacgaatcc and cagaaatcctgaggctcttgaca; and GAPDH (400 bp), 
tggaaatcccatcaccatct and gtcttctgggtggcagtgat. 
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Statistical analysis 

Data are expressed as means ± SEM. Statistical significance comparing different sets of mice 
was determined by using the Student t test. In experiments comparing multiple experimental 
groups, statistical differences between groups were analyzed by using the 1 -way ANOVA 
nonparametric Kruskal-Wallis test. P values of less than .05 were considered significant. All 
analyses were performed with Prism 4.0 software. 

RESULTS 

RELM-p" 7 " mice were generated by means of homologous recombination with VelociGene 
technology (Fig l 9 A)J* These mice were fully fertile and produced offspring at predicted 
Mendelian inheritance patterns, with no gross abnormalities observed. The specific ablation 
of the RELM-p gene was demonstrated by the absence of RELM-p mRNA and protein 
expression in the colon (Fig 1, B and Q. Notably, RELM-p" 7 " mice still had expression of 
RELM-p mRNA, as demonstrated by means of Northern blot analysis in the allergen- 
challenged lung (data not shown). To test the effect of RELM-P deletion on the composition 
and homeostasis of the peripheral immune system, the development and activation status of 
B- and T-cell subsets were analyzed by means of flow cytometry. There was no significant 
difference in the level and phenotype of lymphocytes in the spleen and mesenteric lymph nodes 
in RELM-P" 7 " mice. Furthermore, there was also no difference in the complete blood counts 
and differentials (data not shown). 

Analysis of RELM-p mRNA expression in various gastrointestinal compartments at baseline 
revealed a high level of RELM-p expression in the large intestine (Fig 1 , B, and data not shown). 
Immunohistologic staining demonstrated that RELM-p expression was predominantly 
restricted to goblet cells and enterocytes (Fig 1, Q. Notably, the colons of RELM-P" 7 " mice 
were morphologically normal and contained similar levels of goblet cells, and their mucin gene 
products compared with those of WT control mice (data not shown). 

We were next interested in examining whether RELM-p deficiency affected epithelial cells in 
the colon. Initially we examined colonic epithelial cell populations (goblet cells and endocrine 
cells) in the colons of WT and RELM-p -7 " mice and found no difference in the numbers of 
epithelial cell populations between the groups (results not shown). We next examined intestinal 
epithelial cell resistance in RELM-p" 7 " and WT mice. Resistance, a measure of tissue 
permeability, was significantly decreased in RELM-p' 7 " mice compared with WT mice (Fig 2, 
A). To confirm altered epithelial cell barrier function in RELM-p -7 " mice, we examined 
intestinal permeability by analyzing FITC-dextran transport in colonic segments ex vivo. 
Compared with control mice, RELM-p" 7 " colons had increased intestinal permeability to FITC- 
dextran (Fig 2, B). For example, the FITC-dextran permeability of the colonic layer of RELM- 
p" 7 " mice was significantly increased by 3 hours compared with colonic layers from WT animals 
(0.75 ± 0.36 mg/mL vs 2.6 ± 0.4 mg/mL * 10" 12 at 180 minutes, P< .01). On average, we 
observed a 266% increase in FITC-dextran permeability of the colonic layer of RELM-p" 7 " 
mice compared with that seen in WT animals. Collectively, these studies demonstrate a role 
for RELM-P in epithelial cell barrier function. 

The colonic epithelium acts as a selective barrier to luminal antigens and pathogens. Clinical 
and experimental studies suggest that disruption of epithelial barrier function can predispose 
to chronic intestinal inflammatory processes. Indeed, disruption of barrier-protective genes 
(CD73, multidrug resistance gene 1, intestinal trefoil factor, and hypoxia inducible factor 1) 
alters barrier function and increases susceptibility to chemically induced colitis. 20-23 The 
localized expression of RELM-p within the colonic epithelium and the demonstration of altered 
epithelial barrier function in RELM-p" 7 " mice led us to hypothesize that RELM-P might have 
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a role in colonic inflammatory susceptibility. In particular, we hypothesized that increased 
permeability would increase susceptibility to colonic inflammation in RELM-P" 7- mice. We 
thus used 2 models of acute inflammatory colonic injury, a DSS-induced T cell-independent 
model that reproduces features of ulcerative colitis^ and a second model of TNBS-induced 
colitis that captures features of Crohn's disease,^"^ and examined the effect of RELM-p 
deficiency on colonic injury. 

WT and RELM-p" 7 " mice were treated with DSS, and we examined colonic RELM-p expression 
throughout the time course (Fig 3). Notably, although there was some variability between mice, 
levels of RELM-p mRNA increased after DSS exposure (Fig 3, A). Surprisingly, RELM-P" 7 " 
mice had marked protection from most disease features, including weight loss, colonic 
shortening, diarrhea-rectal bleeding, and protection from mortality (Fig 3, B-F). For example, 
on day 7, the DAI reached 7.37 ± 2.4 in WT mice compared with 1.53 ± 1.53 in RELM-p~ 7 ~ 
mice (mean ± SEM; n = 4-5 mice per group; P < .05), respectively, after DSS treatment. 
Histologic assessment of the degree of tissue inflammation revealed that RELM-p" 7 " mice had 
less epithelial damage and submucosal inflammation compared with WT mice (Fig 4, A-F). 
The protection from experimental disease occurred at all time points in this acute model of 
colonic inflammation. Additionally, we assessed the degree of mucosal damage by performing 
colonoscopy in WT and RELM-P" 7 " mice (Fig 4, G-L; see this article's Fig El and Videos 1-3 
in the Online Repository at www. jacionline.org). Colonoscopy of WT control-treated mice 
revealed a healthy, translucent colonic mucosa with visible vasculature (Fig 4, G). In contrast, 
the colonic mucosa of DSS-treated WT mice appeared friable, with readily detectable 
erythema, strictures, and mucosal injury, as characterized by ulcerations, rectal bleeding, and 
mucus (Fig 4, H-J). Notably, these lesions were barely detectable in RELM-P" 7 " mice (Fig 4, 
K and L). Control-treated RELM-p' 7 ' mice exhibit markedly reduced endoscopic, pathologic, 
and clinical signs (diarrhea, rectal bleeding, or weight loss) and gross morphologic changes to 
the gastrointestinal tract normally associated with spontaneous intestinal inflammation (Fig 4, 
C, and results not shown). Because a DSS-induced colonic inflammation model has been 
previously shown to occur independent of an adaptive immune response,^ our data highlight 
the involvement of RELM-p in innate immunity. 

To identify the RELM-p-expressing cell population in the inflamed colon, we performed 
immunohistochemistry with anti-murine RELM-p antiserum. In DSS-treated WT mice we 
identified RELM-p expression in gastrointestinal epithelial cells and also in infiltrating 
inflammatory cells (Fig 4, Mand N). The RELM-p 1 staining of the epithelium was 
predominantly restricted to goblet cells (Fig 4, A/). Thus the variable expression of RELM-p 
mRNA in DSS-treated mice (Fig 3, A) likely reflects the loss of RELM-p 4 * epithelial cells. The 
RELM-p + inflammatory cells were localized to the muscularis mucosa and were also present 
within the ulcerated epithelial mucosa (Fig 4, N). We observed no positive staining in the 
colonic epithelium from RELM-p" /_ mice (results not shown). 

RELM-p expression has previously been associated with Tn2-immune responses, such as 
experimental asthma and helminthic infestations.^-* As such, we were interested in testing 
the hypothesis that DSS-induced RELM-p expression was dependent on the cytokine IL-13; 
this cytokine has previously been shown to be important in Tn2-associated immunity.^ As 
such, we subjected WT and IL-13" 7 " mice to DSS-induced experimental colitis. Notably, the 
expression of RELM-p was markedly decreased in IL-13" 7 " mice (Fig 3, A). Indeed, IL-13" 7 " 
mice were protected from pathologic responses associated with DSS-induced colitis (DAI 
index was measured on day 7: 3.905 ± 0.44 vs 2.55 ±0.13, DSS-treated WT mice (BALB/c) 
vs IL-13" 7 " mice; mean ± SEM [n - 3-4]; P< .05). 

We next examined the role of RELM-p in the development of TNBS-induced colitis, a rapidly 
evolving transmural colitis. Administration of TNBS to RELM-p" 7 " mice was associated with 
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increased disease severity, as assessed on the basis of clinical symptoms (weight loss), survival, 
and tissue histology (cryptitis and intercryptal inflammation and ulceration), compared with 
that seen in WT mice (Fig 5). Histologic analysis of colonic tissue from TNBS-treated RELM- 
p -/ " mice revealed extensive ulceration and erosion of the colonic epithelium, crypt loss, and a 
pronounced cellular infiltrate that was primarily comprised of mononuclear and 
polymorphonuclear (neutrophils and eosinophils) cells (Table I). Histologic scoring of colonic 
tissue revealed significantly greater pathology than that observed in TNBS-treated WT mice 
(Table 1). 

We observed no significant alteration in colonic morphology between control-treated WT and 
RELM-P" 7 " mice (Table I). The very modest disease induced in WT mice might be due to the 
relative resistance of the C57B1/6 strain to this model of colitis. ^ The protection from DSS- 
induced injury and the enhanced susceptibility to TNBS-induced colitis might be related to 
different induction patterns of RELM-p in each model. Indeed, in contrast to DSS exposure, 
TNBS treatment of WT mice did not enhance colonic RELM-P expression compared with that 
seen in control mice (Fig 5, C). 

To elucidate the molecular basis of altered colonic function in RELM-p" 7 " mice, we took an 
empiric approach involving genome-wide expression profile analysis with Affymetrix 
oligonucleotide chips and probing colon RNA from WT and RELM-p" /_ mice. Using criteria 
of a 2.0-fold change and a Welch / test with a P value cutoff of .05, we identified 32 genes 
altered in the RELM-p _/ ~ mice (Fig 6, A). Of these transcripts, 8 were upregulated, and 24 were 
downregulated. Importantly, RELM-P was the most decreased gene, validating the approach, 
and there was no evidence of compensatory increases in RELM-a expression; in fact, 
expression of the latter gene was modestly reduced. Functional classification of the altered 
transcripts revealed a significant predominance of the C-type lectin gene superfamily 
(approximately 1 5%). Several families of functional molecules emerged. In particular, the most 
dysregulated gene family members of the type III subclass of the REG gene family (REG3p 
and REG3y) were downregulated 2.7- and 2.2-fold in the RELM-p" /_ mice, respectively (Fig 
6, B). The type III subclass of the REG gene family (REG3 a, p, 7, and 5) are orthologues of 
the human pancreatitis-associated protein.-^ These proteins are synthesized by Paneth cells in 
the small intestine and by crypt epithelium in the colon. Given that our analysis used a whole 
genome-wide approach and that 2 related immunity genes were similarly downregulated, we 
prioritized confirming these observations by performing real-time PCR analysis. Indeed, we 
were able to demonstrate a mean 2-fold decrease in REG3p and REG3y mRNA in the colons 
of RELM-p -/ " mice compared with WT mice (Fig 6, C and D), These studies demonstrate that 
RELM-P has a role in the regulation of REG3p and REG3y expression in the colon. 

DISCUSSION 

The resistin family of proteins is composed of cysteinerich cytokines implicated in insulin and 
gastrointestinal nematode resistance. The precise role of these molecules in mucosal 
inflammation has not yet been fully elucidated. In the current study we have examined the role 
of RELM-P in the gastrointestinal tract. We demonstrate that RELM-P is predominantly 
expressed by goblet cells and epithelial cells within the colonic epithelium and is involved in 
the maintenance of colonic epithelial cell barrier function. Gene array analysis revealed that 
RELM-p has a role in regulating intestinal homeostasis because a number of transcripts 
normally expressed in the colon were altered in the absence of RELM-p. Notably, the altered 
genes were rich in enterocyte products, especially innate immune mediators, such as the type 
III REG gene family members. Using acute colonic inflammatory models, we show an 
important role for RELM-P in colonic injury susceptibility. RELM-p deficiency was associated 
with reduced susceptibility to DSS-induced colitis but increased susceptibility to TNBS- 
induced colitis. Thus our initial hypothesis that RELM-p deficiency would simply enhance 
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susceptibility to colonic inflammation was an oversimplification. Although differentially 
affecting both models, these results underscore the critical participation of RELM-p in 
regulating colonic inflammation. Prior studies have reported that distinct mechanisms are 
involved in TNBS-versus DSS-induced colitis. 27,31 ^y e s h ow that the pathogenic role of 
RELM-P is associated in part with dys-regulation of type III REG gene expression, providing 
some mechanistic insight that helps explains the RELM-P-mediated effects. 

To elucidate whether the increased colonic permeability in RELM-P"'* mice could be explained 
by altered tight junction protein function, we performed electron microscopy on colonic 
epithelial cells from WT and RELM-p"'" mice (results not shown). We observed normal colonic 
epithelial architecture and desmosome formations between epithelial cells in the RELM-p _/ ~ 
mice, suggesting that altered permeability might not be due to altered tight junction protein 
function. This is consistent with gene chip analysis because we did not observe any significant 
change in the expression of tight junction proteins in RELM-P"'" mice compared with WT mice 
(results not shown). Notably, a number of experimental studies have demonstrated altered 
intestinal permeability (transepithelial resistance and permeability) without any clinical 
phenotype (diarrhea and epithelial cell ulceration and erosions), suggesting that the increased 
permeability might be unrelated to the clinical phenotype observed after TNBS treatment. 
Interestingly, recent investigations have demonstrated a genetic link between mutations in 
CARD15 with increased intestinal permeability in families with IBD,**2 yet approximately 
25% of first-degree relatives of patients with IBD show increased intestinal permeability in 
the absence of clinical symptoms.^ 3,34 

RELM-P deficiency was associated with decreased expression of REG3P and REG3y mRNA 
in the colon. Although the overall fold change in type III REG proteins (REG3p and REG3y) 
was modest, we demonstrated a similar 2.5-fold reduction in levels using 2 independent 
experimental systems. Notably, we did not observe any change in other REG protein family 
members, highlighting the specificity to these proteins. Furthermore, the modest change in 
genome transcripts indicates no major alteration (either directly or indirectly through 
compensatory mechanisms) as a result of RELM-p deficiency. The increased permeability 
observed in RELM-P~ /_ mice was associated with decreased expression of REG3P and 
REG3y mRNA in the colon. The function of these proteins in the gastrointestinal tract has only 
preliminarily been elucidated; recent evidence suggests that they might be involved in epithelial 
cell repair and Schwann cell regeneration.^ The involvement of REG3p and REG3y in RELM- 
p-mediated maintenance of colonic epithelial cell barrier function requires further analysis. 

We demonstrate that RELM-p deficiency is associated with decreased susceptibility to DSS- 
induced colitis and increased susceptibility to TNBS-induced colitis. These 2 models have 
previously been shown to involve distinct disease mechanisms, such as involving both T cell- 
dependent and T cell-independent pathways. ^ Collectively, these studies suggest that RELM- 
p might act a critical checkpoint in the regulation of innate immunity. Notably, REG3p has 
been shown to downregulate TNF-a-induced nuclear factor kB (NF-kB) activation in 
monocytic and epithelial cells, reduce proinflammatory cytokine mRNA levels, and regulate 
innate immune responses. 30,35 Both in human IBD and in murine models of IBD, the 
inflammation is likely to depend, at least in part, on the activation and nuclear translocation of 
NF-kB family members. It is tempting to speculate that RELM-p-mediated dysregulation 
of REG3p and REG3y expression might regulate susceptibility to NF-KB-dependent 
inflammation and disease pathology. The analysis of NF-kB activation in RELM-P-deficient 
mice now deserves future attention. 

Notably, we demonstrate that colonic expression of RELM-p was dependent on IL-13. This is 
consistent with our previous investigations using gastrointestinal nematode models associated 
with Th2 immunity. ^ In these investigations we demonstrated that gastrointestinal nematode 
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infestation associated with Th2 inflammation upregulates RELM-P expression. Furthermore, 
we demonstrated that gastrointestinal nematode-induced expression of RELM-p was 
dependent on the IL-4Ra pathway. To confirm a role for IL-1 3, we showed that administration 
of recombinant IL-13 induces RELM-P expression in the intestine. 

Structural analysis of RELM family members, resistin, and RELM-p reveals a multimeric 
structure comprised of protomers consisting of carboxy-terminal, disulfide-rich, p-sandwich 
"head" domain and an amino-terminal a-helical domain.^ It is notable that the 3-dimensional 
structure of RELM-p requires regulated disulfide-dependent assembly similar to that used by 
IgM.^ As a secreted product produced by intestinal epithelial cells, RELM-p can function as 
a regulatory molecule involved in luminal molecule recognition and transportation across the 
epithelial barrier. This view is supported by our finding that in the absence of RELM-p, there 
is decreased expression of immunologic effector molecules in the colon. Prior studies have 
associated RELM-P with innate immunity because expression is induced by bacterial 
colonization in the gastrointestinal tract through a Cdx2-dependent mechanism.-* ^ 
Furthermore, RELM-p has been shown to directly bind to parasitic nematodes and possesses 
antichemotactic activity against the parasite.^ The selective decreased expression of type III 
REG proteins in the absence of RELM-p draws attention to the interaction of RELM-p and 
REG3, directly or indirectly. These data, taken together with our present findings that RELM- 
p is critical in acute models of inflammation, draw attention to the central role of RELM-p in 
innate intestinal immunity. 

Although elegant studies in mice have demonstrated a role for resistin and RELM in regulating 
glucose metabolism, the exact homolog of murine RELM-p is controversial. We have not 
observed differences in baseline glucose levels in RELM-P~ /_ mice (data not shown). Taken 
together, murine RELM-p behaves more as a cytokine involved in immune regulation rather 
than a metabolic hormone. Our results highlight the importance of determining the exact 
biology of the RELM family members in the human system. Our finding defines a new biology 
for the RELM family of proteins by identifying a regulatory role for RELM-p in colonic barrier 
function and colonic inflammatory injury. These results have potential clinical applications 
because altered intestinal inflammation is seen in a variety of human diseases, including 1BD 
and allergic gastroenteropathy. The finding that RELM-p is downstream from IL-13 signaling 
after DSS exposure highlights the potential involvement of RELM-p in T^-associated 
inflammatory responses. Notably, the chromosome position of human RELM-p (3ql3.1) has 
recently been linked to allergic inflammation, tempting speculation that perhaps RELM-p is 
responsible. 38 Although not directly examined in this study, these results imply a similar 
immunomodulatory role for RELM-p in T H 2-associated human lung disease (eg, asthma), 
especially in view of the overexpression of RELM-p in experimental asthma models.39,40 
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DAI, Disease activity index; DSS, Dextran sodium sulfate; ES, Embryonic stem; FITC, 
Fluorescein isothiocyanate; FIZZ, Found in inflammatory zone; IBD, Inflammatory bowel 
disease; NF-kB, Nuclear factor kB; RELM, Resistin-like molecule; REG, Regenerating 
gene; TNBS, Trinitrobenzene sulfonate; WT, Wild-type. 
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FIG 1. 

Generation of RELM-p _/ ~ mice. RELM-p _/ ~ mice were developed by using VelociGene 
technology.^ A, Diagram shows the WT murine RELM-p gene locus and the gene-targeted 
locus. The RELM-p gene was replaced by a reporter-selection cassette, which consists of a b- 
galactosidase enzyme gene (LacZ) and a neomycin resistance gene (Neo). B, Northern blot 
analysis of total jejunum and colon RNA (20 mg) was used to examine RELM-p mRNA 
expression in WT and RELM-p -/ ~ mice. As an RNA loading control, the position of the 1 8S 
and 28S RNA band in the ethidium bromide (EtBr)-stained gels is also shown. Each lane 
represents a separate animal. C, Immunohistochemically stained sections of colon from WT 
and RELM-p _/ " mice using the RELM-p-specific polyclonal antiserum. Filled arrows depict 
RELM-P 1 cells. Original magnification: C, 3200. 
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FIG 2. 

RELM-p deficiency alters transepithelial barrier permeability. A, Transepithelial resistance of 
colonic segments of muscle-free intestinal mucosa from WT and RELM-P _/ ~ mice. B, FITC- 
dextran (molecular weight 4400) permeability in muscle-free intestinal mucosal specimens 
from the colon from WT and RELM-p~ /_ mice. Values are presented as means 6 SEM (n 5 3-8 
mice per group). Statistical significance of differences was determined by using an unpaired 
Student t test. *P < .05 compared with WT mice. 
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FIG 3. 

DSS treatment induces experimental colitis in WT and RELM-p~ /_ mice. A, Northern blot 
analysis of RELM-p mRNA expression in the colons of control (top panel) and DSS-treated 
(middle panel) WT mice and kinetics (days 0-8) of RELM-p mRNA expression in the colons 
of WT mice and IL-13" /_ mice (bottom panel) on day 7. Total RNA is shown by ethidium 
bromide (EtBr) staining. DAI (B), weight change (C), diarrhea-rectal bleeding score (D), and 
colon length (E; day 7) of control- and DSS-treated WT and RELM-p -/ ~ mice. F, The percentage 
survival during the course of DSS treatment in WT and RELM-p -/ " mice. Data in Fig 3, B 
through F, represent the mean 6 SEM of 4 to 5 mice per group from triplicate experiments. 
Statistical significance of differences was determined by using the Kruskal-Wallis test (*P < . 
05). 
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FIG 4. 

Histopathology and colonoscopy in the colons of DSS-treated WT and RELM-p" /_ mice. A-F, 
Representative photomicrographs of colons from control and DSS-treated WT and RELM- 
p _/ ~ mice. G-L, Representative colonoscopy photographs of colons of control and DSS-treated 
WT and RELM-p _/ ~ mice. M and N, Representative photomicrographs of 
immunohistochemically stained colon sections from DSS-treated WT mice using the RELM- 
P-specific polyclonal antiserum. Black arrows depict RELM- 1 inflammatory cells. Black 
arrows in Fig 4, B, depict ulceration of the epithelial cell layer: black arrows in Fig 4, G and 
L, depict normal colonic vasculature (b.v., blood vessel); black arrows in Fig 4, I, H, and J, 
depict mucus and diarrhea (d), friable mucosa (f. m.), and rectal bleeding (b). Fig 4, H, 
Narrowing of colon, with evidence of a stricture. Original magnification: A-D, 350; E and M, 
3100; F and N, 3200. 
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FIG 5. 

Colon histopathology and colonoscopy in TNBS-treated WT and RELM-p _/ " mice. A, 
Percentage weight change of control-treated and TNBS-treated WT and RELM-p" /_ mice. B, 
Percentage survival during the course of DSS treatment in WT and RELM-p _/ ~ mice. C, 
Northern blot analysis of RELM-p mRNA expression in the colons of control-treated and 
TNBS-treated WT and RELM-P" /_ mice on day 5. Total RNA is shown by means of ethidium 
bromide (EtBr) staining. D, Hematoxylin and eosin staining of representative colon transverse 
sections on day 5 after TNBS administration. E, Representative colonoscopy from TNBS- 
treated WT and RELM-p" /_ mice. The black arrows in Fig 5, D, depict cellular infiltrate. The 
open arrow in Fig 5, E, depicts normal colonic vasculature, and the black arrow depicts a colonic 
ulcer. Data in Fig 5, A and B, represent the mean 6 SEM of 4 to 5 mice per group from triplicate 
experiments. Statistical significance of differences was determined by using the Kruskal- 
Wallistest. *P<.05. 
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FIG 6. 

Gene profile analysis of the colon in the absence of RELM-p. A, Microarray analysis of the 
transcripts expressed in colonic samples. RNA from each mouse was subjected to chip analysis 
with Affymetrix mouse Genome MOE430_2 GeneChips. The RJELM-P^" group is composed 
of 5 mice, and the WT group is composed of 6 mice. The 32 genes differentially expressed (2- 
fold cut off and P < .05) in the RELM-P _/ " mice compared with the WT mice have been ordered 
(fold change); upregulated genes are shown in red, and downregulated genes are shown in blue. 
The magnitude of the gene changes is proportional to the darkness of the color. Each column 
represents an individual mouse, and each line represents a separate gene. B, Quantitative 
analysis of REG3P and REG3y expression levels in the colons of WT and RELM-P" 7 " mice 
using Affymetrix mouse Genome U430 Plus 2.0 GeneChips. C and D, Quantitative analysis 
of REG3P (Fig 6, C) and REG3y (Fig 6, D) mRNA levels in the colons of WT and RELM- 
p" /_ mice by using real-time PCR analysis. REG3 expression was normalized to GADPH 
expression in each individual sample. Results are expressed as fold change over WT mice. The 
black line represents the mean value in each group. 
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WT mice RELM-p'mice 





Control 


TNBS 


Control 


TNBS 


Area involved (%) 


0±0 


0.3 ± 0.7 


0.1 ±0.4 


2.3±2.f 


Crypt loss (%) 


0±0 


0.2 ±0.4 


0.1 ±0.4 


1.8 ± 1.5* 


Erosion-ulceration 


0±0 


0.2 ± 0.4 


0.1 ±0.4 


3.3 ±3.2* 


Cellular infiltration 










Lamina propria 


0±0 


0.2 ± 0.4 


0.0 ± 0.0 


1.5 ± 1.3* 


Submucosa 


0±0 


0.1 ±0.3 


0.0 ± 0.0 


1.8± 1.5* 


Edema 


0±0 


0.2 ± 0.4 


0.1 ±0.4 


1.8 ± 1.5* 



Data are presented as mean histologic colitis scores (points) ± SD (n = 4-8 mice per group). The Kruskal-Wallis test was performed to analyze differences 
between treatment groups ( P < .05). 
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Abstract RELMp (resistin-like molecule) represents the most 
related human homologue of mouse RELMot, also known as hyp- 
oxic-induccd mitogenic factor (HIM F). In this study, we isolated 
RELMp cDNA from human lung tissue and performed regulatory 
and functional expression studies. RELMp mRNA was upregu- 
lated in hypoxia in human lung A549 cell line as well as primary 
cultured adventitial fibroblasts and smooth muscle cells (SMC) 
of pulmonary arteries. Upon transfection of a RELMP encoding 
expression plasmid into these cells, we observed significant induc- 
tion of proliferation particularly in SMC and A549 cells, which 
could be blocked by phosphatidyl-inositol 3-kinase (P13K) inhibi- 
tors LY294002 and wortmannin. The results suggest that human 
RELMp may contribute to hypoxic-induced pulmonary vascular 
remodeling processes or hypoxia related fibrotic lung disease. 
© 2006 Federation of European Biochemical Societies. Published 
by Elsevier B.V. All rights reserved. 

Keywords: Resistin like moleculep; Hypoxic-induced mitogenic 
factor; Pulmonary artery; Smooth muscle cells; Fibroblast; 
Hypoxia; Proliferation 



1. Introduction 



A549 cells and SMC from pulmonary artery. Induction of pro- 
liferation appeared to be mediated by phosphatidyl-inositol-ki- 
nase (PI3K) pathway, since LY294002 and wortmannin 
inhibited proliferation strongly in RELMp transfected cells. 



2. Materials and methods 

2.1. Cell culture and human lung tissue 

Culturing of human epithelial lung cell line A549 was performed 
according to the protocol given by the American type culture collec- 
tion. Human cell preparations were established from excess lung tissue 
originating from human donor lungs employed for transplantation. 
This protocol was approved by the Justus-Liebig University Ethics 
committee. Cells were isolated by careful dissection of parenchymal 
connective tissue as described. Primary adventitial fibroblasts (FB) 
and SMC from the pulmonary artery were isolated and cultured as de- 
scribed [5]. In brief, primary FB were isolated from human pulmonary 
artery by careful dissection of parenchymal connective tissue. The 
adventitia of <1 mm 3 tissue pieces was removed and placed into 12- 
well cell culture plates with 500 ul culture medium. Primary SMC were 
isolated from human pulmonary artery by carefully preparing <1 mm 3 
pieces of media, devoid of adventitial tissue as assessed by microscopic 
control. Experiments were performed with cells in passage 3 or 4. 



RELMP (resistin-like molecule) and resistin are the two hu- 
man members of the resistin gene family also named FIZZ2 
and FIZZ3 (found in inflammatory zone) encoding small cys- 
teine-rich secreted proteins [1,2]. In mouse, a third member 
RELMoc (FIZZ1) has been identified not present in human 
[3,4]. Mouse RELMoc is also described as hypoxia-inducible 
mitogenic factor (HIMF) and strongly contributes to hyp- 
oxic-induced pulmonary vascular remodeling by triggering 
proliferation of smooth muscle cells (SMC) and exerting 
strong vasoconstrictive effects on pulmonary vasculature. 
Additionally, angiogenic properties have been described for 
HIMF [3]. Since RELMp is the closest human homologue of 
mouse HIMF, we were interested in RELMP gene expression 
especially in human lung. We isolated its cDNA from human 
lung homogenate, and studied its hypoxic dependent regula- 
tion in pulmonary vascular cells and human lung epithelial 
A549 cell line. We observed significant induction of RELMp 
in hypoxia and found proliferative effects particularly in 



"Corresponding author. Fax: +49 641 99 42429. 
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Abbreviations: RELM, resistin like molecule; HIMF, hypoxic-induced 
mitogenic factor; FIZZ, protein found in inflammatory zone; SMC, 
smooth muscle cells; FB, fibroblast 



2.2. Transfection 

For transfection, cells were grown to ~80% confluence. 0.2 ug 
Plasmid-DNA was mixed with synthetic peptide Tat-RGD (GML 
GIS YGR KKR RQR RRP PQT GGC RGD MFG C) which was 
employed as an enhancer of transfection. 2.5 ug of Tat-RGD was 
used per well for A549 cells and 0.8 ug/well for FB and SMC. The 
volume was made up to 25 ul with Hank's buffered saline. This mix- 
ture was incubated at room temperature for 15 min. Then 0.5 ul/well 
Lipofectamin 2000® (Invitrogen, Carlsbad, CA, USA) was added and 
incubated at room temperature for further 15 min. This mixture was 
added to the cells. Followed by incubation at 37 °C for 4 h, the med- 
ium was replaced and cells cultured under standard conditions for 
24 h. 



2.3. Isolation and construction of expression plasmid for RELMP cDNA 
For cloning of the full length RELMp cDNA we performed RT- 
PCR using RNA extracts from human lung tissue with primers derived 
from human RELMp cDNA sequence (Accession No.: AF323084): 
PHIMF-f: ccc cag gac act gac tct gta and M-HIMF-f: aaa ctg agt tct 
cag cct cct c. The purified PCR product was ligated into pGEM-T-easy 
plasmid (Promega) and positive clones were sequenced. Inserts from 
pGEM-T-easy plasmid were amplified by PCR for subcloning into 
pCMV expression plasmid (Clontech, Paolo Alto, USA) using the fol- 
lowing primers: HIMF-kozak-kpnl : ctt ggt acc gcc gcc acc ATG GGG 
CCG TCC TCT TGC CTC C; HIMF-HA-TGA-xhol : gaa etc gag tea 
gcc gcc acc age gta ate tgg aac ate gta tgg gta gcc acc ggt cag gtg gca 
gca gcg ggc agt ggt cc. The forward primer contained a Kozak sequence 
as an optimized translation start and the reverse primer carried a hem- 
eagglutinin A (HA) tag in frame at the C-terminus. 
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*2.4. RELMfi-mRNA analysis by RT-PCR 

RNA was extracted from human lung tissue or cells incubated for 
24 h in normoxic or hypoxic (1% oxygen concentration) conditions 
using guanidine thiocyanate-acid phenol (RNAzol B, WAK-Chemie, 
Germany). Total RNA for human tissues screening were purchased 
(Premium RNA; Clontech, Paolo Alto, USA). 1 ug of RNA per sam- 
ple was copied to cDNA using reverse transcriptase (MMLV-RT, 
Invitrogen, Carlsbad, CA, USA) with 100 ng 15-mers of oligo-dT pri- 
mer. As a negative control, MMLV-RT was omitted (data not shown). 
The following primers were used: hRELMp+: 5' CCC TTC TCC AGC 
TGA TCA AC 3', hRELMP-: 5' CCA CGA ACC ACA GCC ATA 
G 3', HPRT+: 5' TCG AGA TGT GAT GAA GGA GAT GGG A 3', 
HPRT-: 5' TCA AAT CCA ACA AAG TCT GGC CTG T 3'. The 
cycling conditions were 95 °C for 15 m, followed by 40 cycles of 

94 °C for 10 s, 52 °C for 30 s, 72 °C for 30 s and a final extension with 
72 °C for 10 m. Real-time PCR was performed using the ABI Prism 
7700 detection system (Applied Biosystems, Foster City, CA, USA) 
with SYBR-Green as fluorescent dye, enabling real-time detection of 
PCR products according to the manufacturer's protocol. HPRT 
mRNA was used as internal control for calculation of ACT (Threshold 
cycle) values and relative quantification. 

2.5. Western-blot 

Cells were lysed using Laemmli buffer and denatured for 5 m at 

95 °C and run on a sodium dodecyl sulfate-polyacrylamide gel. After 
electroblot of the gel to a nylon membrane (PVDF, Pal), HA specific 
bands were visualized by a monoclonal mouse antibody against HA 
added at a dilution of 1:10000 (Sigma-Aldrich) and chemilumines- 
cence (ECL, Amersham, Freiburg, Germany) by using a second bio- 
tin-coupled anti-mouse antibody and a complex of biotin and 
streptavidin coupled with horseradish peroxidase. As a loading con- 
trol, samples were also analyzed by Western-blot analysis for cytoplas- 
mic p-actin with a mouse monoclonal anti p-actin antibody (Abeam, 
1:10000 dilution). 

2.6. MTT assay 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro- 
mide) assay was performed as a measurement of number of viable cells. 
Cells were seeded in 96-welIplates and transfected by expression plas- 
mid. After 24 h, MTT (0.2 mg/ml) was added to each well, and incuba- 
tion continued for 1-2 h at 37 °C. The extent ofMTT reduction to 
formazan within cells was quantified by speclrophotometric measure- 
ment at 490 nm. 

2.7. BrdV incorporation 

Cellular DNA synthesis (cell cycle S-phase) was assessed by incorpo- 
ration of the thymidine analogue 5-bromo-20-deoxyuridine (BrdU) 
into the DNA of replicating cells using a commercially available color- 
imetric immunoassay according to the recommended protocol of the 
company (Roche, Mannheim, Germany). After addition of BrdU to 
cells they were fixed and incorporated BrdU was measured by ELISA 
using a specific BrdU antibody. The values given in the figures repre- 
sent the raw data obtained by photometric measurement at 450 nm. 



3. Results 

For analysis of human RELMp gene expression, we initially 
isolated a full-length cDNA of RELMP from human lung tis- 
sue RNA by RT-PCR strategy. The nucleic acid sequence (Sub- 
mitted to EMBL Accession No.: AM050721) differed at 
positions 59 and 97 after start of translation from a published 
sequence (Accession No.: AF323084), resulting in two amino- 
acid exchanges (proline to leucine and lysine to glutamine). 
The alignment of cDNAs of human RELMp and mouse HIMF 
(NCBI Accession No.: BC029248) reveals sequence identity of 
69%. Comparison of the amino acid sequences yields a se- 
quence similarity of 58.6% and a sequence identity of 49.6%. 

Tissue screening of RELMp expression revealed expression 
in lung, heart, kidney and adrenal gland, highest expression 



in intestine, whereas in brain and liver no signal was detectable 
(Fig. 1A). Since HIMF plays an important role in hypoxic 
adaptive processes in lung physiology in mouse, we analyzed 
hypoxic gene regulation of RELMp, a HIMF homologue, in 
human lung cells. To this end, we employed the lung epithelial 
A549 cell line, as well as primary cultured SMC and adventitial 
FB from human pulmonary arteries (Fig. IB). RELMp 
mRNA was analyzed in extracts of these cells by realtime- 
RT-PCR. When related to the house keeping gene hypoxan- 
thin-phospho-ribosyl-transferase (HPRT) mRNA, we found 
highest basal RELMP mRNA levels in SMC followed by 
A549 and FB cells. Strongest RELMp mRNA hypoxic induc- 
tion was observed in A549 cells followed by SMC and FB. For 
further functional analysis, we transfected these cells by an 
expression plasmid recombinant with RELMP cDNA and 
tagged with hemeaglutinin A (HA) for protein analysis by 
anti-HA antibody. Control cells were transfected with the cor- 
responding empty plasmid. Transfected cells were studied with 
regard to proliferation by measuring the overall cellular mito- 
chondrial respiratory chain activity with MTT assay and cellu- 
lar DNA synthesis by BrdU incorpration (Fig. 2A and B). 
Induction of proliferation by RELMp was observed in all 
investigated cell types, being stronger in A549 and SMC than 



L H Lu K- B C Ad M 




Fig. 1. (A) RELMp mRNA expression as analyzed by RT-PCR in 
various human tissues (L: liver; H: heart; Lu: Lung; K: kidney; B: 
brain; C: colon intestine; Ad: adrenal gland). As a control, house 
keeping RT-PCR product of HPRT mRNA is shown. (B) Quantifi- 
cation of RELMP mRNA in A549 cells, SMC and FB cultured in 
normoxia (N) or hypoxia (H) for 24 h by real-time RT-PCR in 
comparison to HPRT mRNA (mean ± S.E.M., n = 3). A representa- 
tive gel electrophoretic analysis of the integrity and specificity of the 
PCR products from the realtime RT-PCRs is shown below the bar 
graph. 
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Fig. 2. Analysis of proliferation by MTT test or BrdU incorporation 
of A549 cells, SMC and FB cells transfected with RELMp-HA tagged 
expression plasmid (pCMV-RELMp-HA) or empty plasmid (pCMV). 
Significant induction of proliferation in cells overexpressing hRELMP 
is observed. (A) MTT results (mean ± S.D., n = 4 < 0.05 Mann- 
Whitney-test). (B) BrdU results (mean ± S.D., n = 8 for A549, n - 6 
for FB, n — % for SMC, * < 0.05, ** < 0.01 Mann-Whitney- test). (C) 
As a control for RELMp overexpression, cellular extracts were 
analyzed by HA-Western-blot showing signals only in case of 
pCMV-RELMp-HA transfected cells (R) but not in empty plasmid 
transfected cells (pCMV). Shown is a representative blot of n > 3 
experiments. 

FB cells. Transfection and expression of HA-tagged RELMP 
cDNA was confirmed by HA Western-blot analysis (Fig. 2C) 
showing immunoreactivity in RELMp transfected cells but 
not in empty plasmid transfected cells. Since the mitogenic ef- 
fect of H1MF in mouse cells could be blocked by inhibitors of 
PI3K/Akt signal transduction, we performed experiments 
employing wortmannin or LY294002 for inhibition of PI3K. 
In A549 cells which were transfected by RELMp expression 
plasmid, we observed significant reduction of proliferation 
(>50%) when treated with wortmannin or LY294002. In cells 
transfected with empty vector, we observed no effect on prolif- 
eration using these inhibitors. As a further control, we in- 
cluded non-transfected cells in the experiments. These cells 
revealed higher S-phase activity when compared to the trans- 
fected cells and demonstrated a significant but slight decrease 
(~15%) of proliferation upon PI3K inhibitor treatments 
(Fig. 3). 
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Fig. 3. Analysis of proliferation as measured by BrdU incorporation 
in A549 cells. Cells were either non-transfected (cells) or transfected by 
pCMV-HA, or by pCM V-RELM p-H A and then incubated with 
LY29004 (40 uM) or wortmannin (100 nM) added to the medium 
(mean ± S.D., n - 5, ** < 0,01 Mann-Whitney -test). 



4. Discussion 

In this study, we have analyzed the gene expression, hyp- 
oxic regulation and proliferative effects of RELMp in human 
lung cells. Our study was inspired by investigations on the 
related HIMF gene in mouse, also described in other context 
as RELMa or FIZZ1 [3]. Human RELMP represents the 
gene with the highest homology with mouse HIMF, how- 
ever, it is not considered as the human ortholog gene of 
mouse HIMF, which appears not to exist [4]. In this report, 
we have analyzed the expression, hypoxic regulation and 
pro-proliferative potency of RELMp on human lung cells. 
We analyzed the expression pattern of human RELMp on 
mRNA level by RT-PCR in several human tissues and 
found highest expression in lung, heart, colon, and adrenal 
gland, followed by kidney. Two studies examined HIMF 
expression in mouse. At protein level HIMF was only 
detectable by Western-blot in lung from hypoxic treated 
mice [3]. At mRNA level as analyzed by Northern-blot [6], 
HIMF was abundantly expressed in lung and less but signif- 
icantly expressed in heart and skeletal muscle, whereas no 
signal was observed in brain and liver in accordance with 
our study. In conclusion, so far described differences and 
common grounds exist for expression of RELMp in human, 
and of HIMF in mouse. 

We found hypoxic induction of RELMp in A549 cell line 
and primary vascular cells from human pulmonary arteries. 
The hypoxic induction was strongest in A549 cells followed 
by SMC and FB. Probably, this observation reflects that the 
expression of a given gene is regulated by specific factors which 
differ between cells. Hypoxic gene induction may be HIF- 
dependent via hypoxia-responsive-elements (HRE) [7]. Bioin- 
formatic analysis of the human RELMp gene revealed five 
putative HRE (RCGTG) binding sites. One site was located 
in the intervening intron sequence 2, and four at the 3' flanking 
region (Table 1A). These putative regulatory DNA sequences 
need further experimental proof for their functional relevance. 
As comparison, putative HREs of the corresponding mouse 
HIMF gene are shown (Table IB). Two HRE sites in the 5' 
flanking region were detected which also require experimental 
investigation. 



A. Renigunta et al. f FEBS Letters 580 (2006) 900-903 



903 



.Table 1A 

Putative HRE sequences of human RELMp gene (EMBL Accession 
No.: AF352731) 



HRE sequence 


Location 


gacgt ACGTG cagggaga 


IVS2 4033/4016 


cacta ACGTG gcatctag 


3'FS +314/+331 


tgtcc ACGTG atctcatt 


3'FS +417/+434 


aacat ACGTG tgcatgtg 


3'FS +674/+691 


catag GCGTG ggcaagga 


3'FS +1303/ + 1286 


Table IB 




Putative HRE sequences of mouse 


RELMa (HIMF) gene (EMBL 


Accession No.: mm_ensembll 1:CHR16_1 1„1 177_04) 


HRE sequence 


Location 


tacag ACGTG gatgctct 


5'FS -3805/-3788 


tgtgt GCGTG tgtgtgtg 


5'FS -624/-610 



HRE core sequence: RCGTG (R is A or G), IVS: Intervening sequence 
(intron), FS: flanking sequence (numbering: 3'FS: + is downstream 
from end of transcription; 5'FS: — is upstream from start of tran- 
scription; IVS2: numbering with regard to complete gene sequence). 



In transfected cells overexpressing RELMp, significant pro- 
liferative effects were observed. Thus, this study suggests that 
RELMp in the human system is similarly regulated as de- 
scribed for HIMF in mouse, and acts as a hypoxia-driven 
pro-proliferative factor. Moreover, the pro-proliferative effect 
of RELMp could be suppressed by two PI3K inhibitors, a 
characteristic also observed for HIMF in mouse cells. PI3K 
has been demonstrated to mediate proliferation in human pul- 
monary SMC via serine/threonine kinase Akt which directly 
affects cell cycle regulation [8]. Thus, the signalling mechanisms 
by so far unknown receptors appear to be similar between 
RELMp and HIMF. Consequently, RELMp in human may 
play a role in hypoxic-induced pulmonary remodelling leading 
to pulmonary hypertension, and in fibrotic lung diseases asso- 
ciated with hypoxia. 

Further features of HIMF were explored in mice experi- 
ments. Beside proliferative effects, HIMF was demonstrated 
to have angiogenic (subcutaneous mouse in vivo matrigel plug 
model) and vasoconstrictive properties in pulmonary artery 
[3]. In addition, HIMF was shown to play a role in lung devel- 
opment, by regulation of apoptosis and participation in alveo- 
larization and lung maturation [9] and compensatory lung 
growth after pneumectomy [10]. Also, HIMF (FIZZ1) was 
shown to be strongly increased during allergic pulmonary 
inflammation [6]. The exploration of these characteristics 
regarding RELMp in the human system remains open. So 
far, functional aspects of RELMp and resistin have been 
mainly described in mice with respect to resistence to insulin 
[2,11,12]. Resistin, mainly expressed in adipocytes, and 



RELMp, expressed particularly expressed in epithelial cells 
from intestine, were demonstrated to mediate resistance to 
insulin leading to increased glucose production. 

In sum, our study revealed new findings for human RELMp 
as a factor which is induced in hypoxia and which exerts pro- 
proliferative effects. These effects were observed in human pri- 
mary vascular cells originating from pulmonary arteries, and 
in lung A549 cell line. Thus, features of human lung RELMp 
resemble those of HIMF in mouse lungs. 
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teins were present in the cytosol. The speci- 
ficity for glyphosate is high. Other common 
agrichemicals such as phosphinothricin, atra- 
zine, and sulfonylureas are not acetylated by 
GAT (11). 

Improved gat variants from the fifth iter- 
ation enabled the regeneration of glyphosate- 
tolerant transgenic tobacco plants. The plants 
were morphologically normal and fertile. To 
evaluate the tolerance profile of the tobacco 
plants, we selected T, plants that contained a 
segregating gat gene, using a glyphosate 
spray of 1 lb. acid equivalents per acre (ae/ac) 
and followed that with a dose-response re- 
gime using sprays of 2 to 24 lb. ae/ac. Un- 
transformed plants showed severe symptoms 
or were killed by 1 lb. ae/ac (fig. S3A), 
whereas several transgenic GAT lines toler- 
ated the highest dose sprayed (fig. S3B). 

Fifth-iteration gat genes also allowed pro- 
duction of glyphosate-tolerant maize plants. 
T 0 plants were sprayed at the four- leaf stage 
with 104 oz./ac Roundup UltraMAX (4X 
field rate, equivalent to 3 lb. ae/ac glypho- 
sate). The regenerants survived the treatment, 
but exhibited chlorotic banding and growth 
inhibition (Fig. 4B). Glyphosate tolerance 
improved with increases in the catalytic effi- 
ciency of GAT. With expression of seventh- 
iteration genes, nearly 50% of the maize 
regenerants showed no chlorotic banding and 
no growth inhibition (Fig. 4C). Most trans- 
formed plants expressing the best 10th and 
11th round gat genes were tolerant to 6X 
glyphosate spray and showed no adverse 
symptoms (Fig. 4D). Efficacy trials of lines 
containing genes from several shuffling iter- 
ations are under way in the field to evaluate 
the commercial potential of this glyphosate 
tolerance trait. 

Our approach shows that enzymes with 
useful yet insufficient activities can subse- 
quently be improved by applying directed 
evolution until the desired activity is gained. 
DNA shuffling allowed us to develop crop 
plants exhibiting tolerance to the herbicide 
glyphosate, an important transgenic pheno- 
type in global agriculture. 
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correlates with susceptibility to disease states 
including type II diabetes, coronary artery 
disease, hypertension, and dyslipidemias (5). 
Type II diabetes currently affects 17 million 
Americans (4) and has become a major 
public health problem. Nonetheless, the mo- 
lecular basis for the link between obesity and 
insulin resistance — the hallmark of type II 
diabetes — remains unclear (5). 

Insulin resistance in type II diabetes, and 
in several animal models of obesity-associat- 
ed insulin resistance, can often be improved 
systemically by treatment with agonists for 
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Resistin, founding member of the resistin-like molecule (RELM) hormone family, is 
secreted selectively from adipocytes and induces liver-specific antagonism of in- 
sulin action, thus providing a potential molecular link between obesity and diabetes. 
Crystal structures of resistin and RELMp reveal an unusual multimeric structure. 
Each protomer comprises a carboxy-terminal disulfide-rich |3-sandwich "head" 
domain and an amino-terminal a-helical "tail" segment. The a-helical segments 
associate to form three-stranded coiled coils, and surface-exposed interchain di- 
sulfide linkages mediate the formation of tail-to-tail hexamers. Analysis of serum 
samples shows that resistin circulates in two distinct assembly states, likely cor- 
responding to hexamers and trimers. Infusion of a resistin mutant, lacking the 
intertrimer disulfide bonds, in pancreatic-insulin clamp studies reveals substantially 
more potent effects on hepatic insulin sensitivity than those observed with wild- 
type resistin. This result suggests that processing of the intertrimer disulfide bonds 
may reflect an obligatory step toward activation. 
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the nuclear receptor peroxisome proliferator- 
activated receptor 7 (PPAR7) (6-8). A prom- 
inent class of therapeutic PPAR7 agonists is 
the thiazolidinediones (TZDs), which trigger 
improvements in insulin sensitivity in a num- 
ber of different tissues, including liver, mus- 
cle, and adipose tissue (P, 10). This raises the 
question of how functional modulation of a 
transcription factor, active primarily in adi- 
pocytes, can alter insulin responsiveness in 
diverse organs. Circulating factors secreted 
from adipocytes have been shown to affect 
insulin sensitivity in a number of different 
tissues [recently reviewed in (//)]. Thiazo- 
lidinediones and other non-TZD PPAR7 ago- 
nists regulate the circulating levels of several 
adipokines (12-14). Resistin was identified 
in a number of studies (75-77), including a 
screen for adipocyte-specific transcripts 
down-regulated by treatment with TZDs (13). 

Resistin expression levels are altered in 
genetic and diet-induced animal models of 
obesity by insulin treatment, nutritional sta- 
tus, and treatment with TZDs (73). Resistin 
shows no significant sequence identity to pre- 
viously characterized proteins and exhibits 
similarity only to the other family members, 
RELMa, RELMp, and the recently discov- 
ered RELM7 (75, 18, 19). All family mem- 
bers are characterized by ten conserved cys- 
teine residues. Resistin and RELMp contain 
an additional cysteine near their amino termi- 
ni, which is conserved among species. Each 
resistin family member studied has a unique 
differential tissue distribution (75, 18, 19). 
Notably, whereas resistin expression in the 
mouse is restricted to adipocytes, RELMp is 
secreted by cells in the intestinal tract. Both 
resistin (75, 20) and RELMP can readily be 
detected in plasma (20). Insulin- and glucose- 
clamp studies have shown that both resistin 
and RELMP specifically blunt insulin action 
in the liver, resulting in reduced insulin-me- 
diated suppression of gluconeogenesis and 
increased glycogenolysis (20). Consistent 
with these reports, mice lacking resistin ex- 
hibit low fasted blood glucose levels because 
of reduced hepatic glucose production (21). 
Notably, the effects on gluconeogenesis are 
opposite to those reported for the adipocyte- 
secreted hormone adiponectin (also called 
Acrp30), which increases insulin sensitivity 
of the same liver-specific functions (22). 

Adiponectin has a novel structure, com- 
posed of a tumor necrosis factor (TNF)-like 
head domain linked to a collagenous tail (25, 
24). Three adiponectin protomers associate to 
form trimers featuring an amino terminal col- 
lagen-like domain. Two subunits of the adi- 
ponectin trimer are linked by a disulfide bond 
mediated by Cys22 in the collagen-like do- 
main, and the third subunit is disulfide bond- 
ed to another trimer, forming a hexamer (25). 
Mutation of Cys22 results in trimeric struc- 
tures that fail to assemble into higher order 



forms (25). Hexamers, which correspond to 
the low-molecular-weight (LMW) form of 
circulating adiponectin, provide the building 
blocks for the high-molecular-weight 
(HMW) form, which adopts a "bouquet" 
structure comprising 12 to 18 protomers (25), 
similar in overall structure to the complement 
protein Clq (24). Once secreted, the LMW 
and HMW forms of adiponectin do not inter- 
change, and the relative amounts secreted 
from adipocytes are subject to regulation by 
insulin and other factors (25). TZD treatment 
specifically increases the proportion of HMW 
form secreted (26). 

Here we show that resistin, a physiological 
antagonist of hepatic insulin action, adopts a. 
complex multimeric structure strikingly similar 
to adiponectin: Both have forms characterized 
by coiled-coil trimers that form tail-to-tail hex- 
amers through disulfide bonds near their amino 
termini. Furthermore, we show that, like adi- 
ponectin, resistin circulates in serum in two 
distinct assembly states. The disulfide-linked 
hexamer of resistin is the major species, but a 
smaller complex, lacking the amino terminal 
disulfide bonds is also detected. Physiological 
clamp studies reported here show that a cys- 
teine mutant unable to form intertrimer disul- 
fide bonds (Cys6Ser), and likely corresponding 
to the smaller complex, shows substantially 
higher bioactivity. 

Mouse resistin and RELMp were ex- 
pressed in mammalian HEK-293T cells and 
purified by standard chromatographic pro- 
cedures (27). We obtained two different 
crystal forms of resistin in space groups C2 
and C222!, and one form for RELMp in 
space group 1222 (table SI). Initial low- 
resolution phases for the C222, crystal 
form were obtained by a single-wavelength 



anomalous diffraction (SAD) experiment of 
a crystal derivatized with a mercury com- 
pound, mersalyl acid. These phases were 
augmented by phases obtained with a 
quick-soak bromide SAD experiment (28). 
Bijvoet difference Fourier maps derived 
from the native sulfur anomalous scattering 
were used to help in density interpretation 
(fig. SI). The refined structure from the 
C222, crystal form was used to determine 
the structure of the resistin C2 crystal form 
by molecular replacement, and the refined 
C2 structure was used in molecular replace- 
ment phasing of the RELMp crystal. 

Resistin and RELMp, as expected from 
their high sequence identity (43% in the mature 
proteins), adopt similar overall structures (Fig. 
1). Each protomer is composed of a disulfide- 
rich P-sandwich "head" domain at the C termi- 
nus linked to a helical "tail" region at the N 
terminus (Fig. 1A; Fig. 2, A and B). The head 
domain adopts a six-stranded jelly-roll topology 
and contains two three-stranded all-antiparallel 
p sheets. A DALI search (29) revealed no 
similar domains in the Protein Data Bank 
(PDB). However, the overall folding topology 
is similar to that of the C-terminal domain from 
octopus hemocyanin (PDB code ljs8), the only 
other currently known six-stranded jelly roll. 
The globular domain from resistin contains five 
disulfide bonds (Cys35-Cys88, Cys47-Cys87, 
Cys56-Cys73, Cys58-Cys75, and Cys62- 
Cys77) that are topologically conserved in the 
RELMp structure. Sequence comparisons re- 
veal complete conservation of these cysteine 
residues throughout the resistin family (Fig. 
2A), suggesting that the disulfide pattern will be 
broadly conserved. 

Identical multimer structures are observed 
in all three crystal forms (Fig. IB). Three 



Fig. 1. Ribbon diag- 
ram representations of 
resistin and RELMp. (A) 
A single resistin pro- 
tomer, molecule A from 
the C222-, crystal form, 
depicts the architecture 
of resistin family pro- 
teins, which are com- 
posed of a carboxy- 
terminal disulfide-rich 
globular domain and 
an amino-terminal a- 
helical region. (B) These 
protomers assemble to 
form trimer-dimer hex- 
amers, shown for both 




resistin and RELMp. In both structures, each protomer 
from one trimer is disulfide linked to a protomer from 
the associated trimer. (C) An expanded view of the 
trimer-dimer interface region depicts the surface-ex- 
posed disulfide bonds (Cys6 and Cys2 in resistin and 
RELMp, respectively) and the short six-helix bundle 
formed between the upper and lower trimers. Disulfide 
bonds are drawn in yellow. Molecular structure figures 
are drawn with the program PyMOL (33). 
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Fig. 2. Architecture of resistin family hor- 
mones. (A) Sequence alignment of the 
four resistin family members from the 
mouse, identical residues are shaded, and 
disulfide bonds within the head domain 
are indicated by red lines. The cysteine 
residues of resistin and RELMp involved in 
intertrimer linkages are shaded in red. 
Secondary structure elements for resistin 
(upper) and RELMp (lower) are also 
shown. The area boxed in green corre- 
sponds to signal peptides that are cleaved 
from the mature protein. Signal peptides 
for resistin and RELMp were confirmed by 
mass spectrometry analysis. Signal pep- 
tides for the other RELMs were predicted 
by the SignalP algorithm (34). (B) Folding 
topology diagram for resistin-family pro- 
teins, with disulfide bond positions drawn in yellow. The six-stranded jelly-roll topology has been 
found in one other structure, the C-terminal domain from octopus hemocyanin (PDB code 1js8). (C) 
The globular head domain is linked to the coil region through a flexible neck region. Superposition 
of two protomers from the resistin C222 1 crystal form, shown as a-carbon worms, depict the 
extent of variability in the orientation of this domain relative to the coiled coil, which varies up to 
21.7° in the structures presented here. 




protomers associate through the formation of 
a parallel coiled coil by the amino-terminal 
helical regions. The p-sandwich domains do 
not share a large common hydrophobic core 
interface, as TNF family trimers do (24). In 
the C222, structure of resistin, the head do- 
mains appear to hang loosely from the helical 
stalk (Fig. 2C). These trimers are further 
interlinked to form tail-tail hexamers. To 
achieve this linkage, the amino-terminal 
coiled-coil tips from each of two trimers 
splay apart to enable tail-to-tail interdigita- 
tion, forming a short antiparallel six-helix 
bundle (Fig. 1C). Each helix from a trimer 
coiled coil is disulfide bonded through Cys6 
(Cys2 in RELMp) to a Cys6 (Cys2) from the 
opposing trimer. 

For resistin, two leucine side chains 
from each protomer interdigitate to form 
the core of the short three-up/three-down 
six-helix bundle (Fig. 1C). The diminutive 
nature of this interface suggests that, but 
for the trimer-trimer disulfide bonds, the 
hexamer association would likely be unsta- 
ble. For RELMp, although electron density 
for the disulfide bonds is clear, nearby side 
chains in the six-helix bundle core are 
largely disordered, suggesting that they are 
unlikely to play a major role in stabilizing 
the trimer-trimer interface. Cys6 (Cys 2 in 
RELMp) is conserved among resistin and 
RELMp from all species, but is notably 
absent from RELMot. This agrees with pri- 
or observations showing that the covalent 
structure of RELMot is monomeric, where- 
as resistin and RELMp are each covalently 
linked as disulfide-dependent homodimers. 



Furthermore, mutagenesis studies have 
shown that Cys6 is indeed the critical cys- 
teine that mediates disulfide-dependent 
dimerization of resistin (30). 

The interchain disulfide bonds of resistin 
and RELMp are novel in that they are highly 
solvent when exposed, ranging from 84.6% 
to 89.5% solvent accessibility for RELMp 
and 59.8% to 61% for the C222, crystal form 
of resistin (27). Analysis of the 24,666 disul- 
fide bonds contained in protein structures in 
the PDB reveals an average solvent exposure 
for all disulfide bonds of 9.9%, and of 16.7% 
for 1 ,209 interchain disulfide bonds. Further- 
more, the only interchain protein disulfide 
bonds (63 total) with solvent accessibilities 
>50% involve cysteine residues near the car- 
boxy termini of artificially truncated antibody 
fragments. Thus, the resistin and RELMp 
disulfides represent the most highly exposed 
disulfide bonds yet found in high-resolution 
structures for an intact protein. 

Overall, the resistin and RELMp struc- 
tures are very similar (Fig. 1). The "head" 
domains have no sequence insertions or de- 
letions relative to one another. Structure su- 
perpositions of the protomer head domains 
yield root mean square deviations (RMSDs) 
for a carbons of —0.98 A between resistin 
(residues 32 to 91) and RELMp (residues 23 
to 82). RELMp has a shorter coiled-coil re- 
gion, comprising only four turns of helix 
from each protomer, compared with six turns 
in resistin. However, the overall length of the 
RELMp and resistin hexamers (each —140 
A) is similar, as a result of an extended 
nonhelical "neck" region in RELMp (Fig. 
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Fig. 3. Two distinct assembly states of resistin 
secreted from adipocytes and circulating in se- 
rum. Nonreducing Western blots of serum from 
wild-type mice fractionated by size-exclusion 
chromatography. Two overlapping elution 
peaks are observed. One corresponds to the 
major hexamer species, which runs on nonre- 
ducing gels as a covalent dimer. The less abun- 
dant peak elutes later, indicating an assembly 
smaller than the hexamer, and runs on nonre- 
ducing gels as a monomer, showing the lack of 
interchain disulfide bonds. 

IB). The Cys6- or Cys2-mediated disulfide 
bonds in each complex are highly solvent 
exposed, but their orientations differ: In re- 
sistin, the disulfide bond from one trimer to 
another is made to the clockwise-adjacent 
protomer, as opposed to the counterclock- 
wise-adjacent protomer in RELMp (Fig. 1C). 
The threefold relationship among protomers 
from a single trimer is noncrystallographic in 
all cases. In the resistin structures, the side 
chains of Phe20 and Phe24 adopt similar 
conformations in two protomers and a sub- 
stantially different orientation in the third, 
thus breaking the threefold symmetry of the 
coiled coil. This symmetry break is not seen 
in the RELMp coiled coil. Mapping sequence 
identity of the resistin family onto the resistin 
or RELMp structures shows the highest se- 
quence variation in the coil region. Both the 
resistin and RELMP complexes exhibit pos- 
itive electrostatic surfaces in their "head" re- 
gions and negative electrostatic potential in 
their coiled-coil domains (fig. S3). 

To assess the biological relevance of the 
novel multimeric assembly reported here, 
and the hexamer-forming disulfide bonds in 
particular, we analyzed mouse serum for 
the presence of hexamer and other forms of 
resistin. Nonreducing SDS gel analysis of 
medium conditioned by differentiated 3T3- 
Ll adipocytes (3 J) reveals a disulfide- 
bonded resistin dimer representing 80 to 
90% of total protein, and a monomeric form 
lacking interchain disulfide bonds repre- 
senting 10 to 20% of total resistin. Frac- 
tionation of either conditioned medium or 
serum by size-exclusion chromatography 
(Fig. 3) also revealed two distinct popula- 
tions of resistin. The predominant form of 
resistin elutes from calibrated gel filtration 
columns with a calculated mass of ~54 kD 
and migrates as a covalent dimer on non- 
reducing gels (Fig. 3). The chromatograph- 
ic and electrophoretic behavior of this frac- 
tion (the HMW form) is identical to that of 
the purified hexamer for which structures 
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Fig. 4. Effect of wild-type resistin and Cys6Ser 
mutant during pancreatic clamp studies. (A) 
Schematic representation of the pancreatic and 
insulin clamp procedure. During the first 2 
hours, the rate of insulin infusion was adjusted 
periodically to maintain the plasma glucose 
concentration at basal levels (insulin as need- 
ed). During the last 30 min of this 2-hour 
period, the rate of insulin infusion was stable in 
all rats, and these individualized rates were 

continued throughout the study. At the completion of the pancreatic 
clamp (at t = 120 min), an additional infusion of insulin (3 mil/kg/ 
min) was administered to similarly raise the plasma insulin levels in 
all groups, and a variable infusion of a 25% glucose solution was 
started and periodically adjusted (glucose as needed) to maintain the 
plasma glucose concentration at approximately 7 mM for the rest of 
the study. (B) Rates of insulin infusion (MR) required to maintain the 
plasma glucose concentrations at the basal levels. (C) Effects of 
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wild-type resistin and Cys6Ser on the rate of glucose production. (D) 
Effects of wild-type resistin and Cys6Ser on the rate of glucose 
production under hyperinsulinemic conditions. (E) Effects of wild-type 
resistin and Cys6Ser on peripheral insulin sensitivity. Some measure- 
ments for wild-type resistin were drawn from a previous study (20). 
*,P < 0.05 Cys6Ser versus vehicle or wild-type resistin 5 jxg/hour and 
30 jxg/hour; #, P < 0.05 versus vehicle. Sample size was at least n = 
5 for all conditions. 



were determined. 3T3-Ll-conditioned me- 
dia and serum also contain a second and 
overlapping resistin peak eluting later with 
a calculated mass of ~46 kD. Western blot 
analysis shows that this smaller species (the 
LMW form) migrates as a monomer on 
nonreducing gels, indicating that the disul- 
fide bonds involved in hexamer stabiliza- 
tion are not present. 

The combined observations of a smaller 
assembly as judged by gel filtration, the tri- 
meric nature of noncovalent resistin assembly 
through coiled-coil interactions, and the ab- 
sence of the critical disulfide bonds, suggest 
that this LMW fraction likely corresponds to 
a complex lacking the critical intertrimer di- 
sulfide. We note that the calculated mass for 
the LMW peak is greater than half that of the 
hexamer. However, the shapes of the resistin 
protein and its assemblies are highly asym- 
metric, and thus size-exclusion chromatogra- 
phy cannot be expected to yield accurate 
mass determinations. 

To determine whether the presence of the 
LMW form of resistin is of biological rele- 
vance, we prepared a mutant version of resis- 
tin that lacks the critical Cys6 and has a 
serine residue instead, Cys6Ser. As expected, 
after purification from 293T cells overex- 
pressing this mutant protein, it fails to form 
covalently bound dimers upon analysis with 
nonreducing SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) (30). We have pre- 
viously used the pancreatic-insulin clamp 
technique to address the metabolic effects of 
recombinant resistin (20) as well as to deter- 



mine the effects of the genomic ablation of 
the resistin gene on glucose homeostasis (2 J). 
A schematic representation of the experimen- 
tal design is shown in Fig. 4A. Infusion of 
low concentrations of Cys6Ser mutant re- 
quired considerably higher insulin infusion 
rates to sustain euglycemic conditions com- 
pared with even the high dose of wild-type 
resistin, indicating a higher degree of insulin 
resistance in the presence of Cys6Ser mutant 
(Fig. 4B). In line with these observations, 
hepatic glucose production was considerably 
increased (Fig. 4C), again more potently in 
Cys6Ser-infused animals as compared with 
those infused with wild-type resistin. Thus, 
despite elevated rates of insulin infusion, the 
rate of glucose production was increased by 
Cys6Ser infusion. At the completion of the 
pancreatic clamp period (at / = 1 20 min), an 
additional regular infusion of insulin (3 mU/ 
kg/min) was administered to similarly raise 
the plasma insulin levels in all groups, and a 
variable infusion of a 25% glucose solution 
was started and periodically adjusted to main- 
tain the plasma glucose concentration at ~7 
mM for the rest of the study. Under these 
conditions, both wild-type and Cys6Ser- 
mutant resistin significantly decreased hepat- 
ic insulin sensitivity as judged by the in- 
creased hepatic glucose output. Similar to the 
basal conditions, the Cys6Ser mutant was 
substantially more potent at the low concen- 
tration than was wild-type resistin at the high 
concentration (Fig. 4D). Whole-body glucose 
disposal, however, was similar under all con- 
ditions (Fig. 4E), suggesting that both the 



Cys6Ser-mutant and wild-type resistin target 
primarily the liver. 

These results are consistent with a mod- 
el that LMW resistin (mimicked by the 
Cys6Ser mutant) is the bioactive ligand. 
Resistin may have to be processed to the 
LMW form before it can exert its bioactiv- 
ity. We have proposed a similar mechanism 
for adiponectin based on the observation 
that a mutant version of adiponectin lack- 
ing a critical coiled-coil region cysteine 
residue (Cys22) that fails to assemble into 
higher order structures beyond the trimer is 
considerably more bioactive (25). 

Mechanisms for regulation of assembly for 
adiponectin and resistin are not yet understood. 
However, the regulated disulfide-dependent 
assembly of another serum-borne protein, im- 
munoglobulin M, is now known to involve 
thioredoxin-like proteins of the endoplasmic 
reticulum (32). For both adiponectin and resis- 
tin, the mutant forms lacking critical disulfide 
bonds in their coiled-coil domains are most 
active. This suggests a possible receptor- 
binding geometry in which the coiled-coil 
tails, occluded in the HMW forms and free 
in the mutant or processed forms, might be 
involved in receptor interactions. 

In summary, crystal structures for resistin 
and RELMp reveal hexameric assemblies 
consisting of trimers linked to form hexamers 
through highly exposed disulfide bonds at the 
amino termini of their coiled-coil domains. 
This unusual structure is suggestive of possi- 
ble regulation through disulfide cleavage or 
by regulation during assembly. Consistent 
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with this is the observation of two distinct 
form* of resistin — the HMW hexamer and 
the LMW form — in serum and adipocyte- 
conditioned medium. The LMW form dis- 
plays significantly increased bioactivity. The 
overall multimeric assembly of the resistin 
family is similar to that of adiponectin. The 
comparable domain architecture of these two 
adipocyte-specific hormones, despite diamet- 
rically opposed physiological effects, sug- 
gests a common regulatory mechanism and 
points to new avenues of research focusing 
on modulation of adipokine secretion and 
activity by cysteine-mediated complex for- 
mation or processing. 
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Parkinson's disease (PD) is a neurodegenerative disorder characterized by de- c= 

generation of dopaminergic neurons in the substantia nigra. We previously g 

mapped a locus for a rare familial form of PD to chromosome 1p36 (PARK6). §3 

Here we show that mutations in PINK1 (PTEN-induced kinase 1) are associated "o 

with PARK6. We have identified two homozygous mutations affecting the > 

PINK1 kinase domain in three consanguineous PARK6 families: a truncating 5 

nonsense mutation and a missense mutation at a highly conserved amino acid. > 

Cell culture studies suggest that PINK1 is mitochondrially located and may exert £ 

a protective effect on the cell that is abrogated by the mutations, resulting in »t 

increased susceptibility to cellular stress. These data provide a direct molecular "§ 
link between mitochondria and the pathogenesis of PD. 

Parkinson's disease (PD) is a common neuro- event in the Spanish family refined the can- ^ 
degenerative disorder that is characterized by didate region to a 3.7~cM interval between o 
the loss of dopaminergic neurons in the sub- flanking markers D1S2647 and D1S1539. 0 
stantia nigra and the presence of cytoplasmic Fine mapping of single-nucleotide polymor- 
protein inclusions known as Lewy bodies. The phisms and newly generated short tandem 
majority of PD cases are sporadic; however, the repeat markers in the three families defined a 
identification of a number of genes responsible 2.8-megabase region of homozygosity within 
for rare familial forms of PD has provided contig NT_004610, containing approximate- 
important insights into the underlying mecha- ly 40 genes. 

nisms of the disease. These genes, encoding Candidate genes were prioritized on the ba- 

ct-synuclein, parkin, UCH-L1, and DJ-1, have sis of their putative function and expression in 

implicated protein misfolding, impairment of the central nervous system, as assessed by 

the ubiquitin-proteasome system, and oxidative bioinformatic analysis and by exon amplifica- 

stress in the pathogenesis of the disease (/, 2). tion from a human substantia nigra cDNA li- 

We previously mapped PARK6, a locus brary. Sequence analysis of candidate genes in 

linked to autosomal recessive, early-onset affected members from each family led to the 

PD, to a 12.5-centimorgan (cM) region on identification of two homozygous mutations in 

chromosome Ip35-p36 by autozygosity map- the PTEN- induced putative kinase 1 (PINK J) 

ping in a large consanguineous family from gene. The mutations segregated with the dis- 

Sicily (J). Subsequent identification of two ease phenotype in the three consanguineous 

additional consanguineous families [one from families, were confirmed in the cDNA, and 

central Italy (family IT-GR) (4) and one from were absent from 400 control chromosomes, 

Spain] provided additional evidence of link- including 200 chromosomes from Sicilian indi- 

age to PARK6. A critical recombination viduals. The Spanish family carried a G— »A 
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